A strictly anaerobic, moderately halophilic, gram-negative bacterium was isolated from a highly saline oil field brine. The bacterium was a non-spore-forming, nonmotile rod, appearing singly, in pairs, or occasionally as long chains, and measured 0.3 to 0.4 by 2.6 to 4 pm. The bacterium had a specific requirement for NaCl and grew at NaCl concentrations of between 6 and 24%, with optimal growth at 9% NaCI. The isolate grew at temperatures of between 22 and 51°C and pH values of between 5.6 and 8.0. The doubling time in a complex medium containing 10% NaCl was 9 h. Growth was inhibited by chloramphenicol, tetracycline, and penicillin but not by cycloheximide or azide. Fermentable substrates were predominantly carbohydrates. The end products of glucose fermentation were acetate, ethanol, C02, and H,. The major components of the cellular fatty acids were Clk0, C16:o, C16:1, and C1,~ocyc acids. The DNA base composition of the isolate was 34 mol% G+C. Oligonucleotide catalog and sequence analyses of the 16s rRNA showed that strain VS-752T was most closely related to Haloanaerobiurn praevalens GSLT (ATCC 33744), the sole member of the genus Haloanaerobium. We propose that strain VS-752 (ATCC 51327) be established as the type strain of a new species, Haloanaerobiurn salsugo, in the genus Haloanaerobium.
Hypersaline environments are inhabited by diverse groups of bacteria. Most studies of bacteria from these environments have focused on aerobes (34, 35) . Our understanding of fermentative halophilic anaerobic bacteria has increased over the last decade. Five genera have been described to date: Halobacteroides, which includes Halobacteroides halobius (24, 38) , Halobacteroides acetoethylicus (27) , and Halobacteroides lacunaris (39) ; Haloanaerobium, which includes Haloanaerobium praevalens (36) ; Sporohalobacter, which includes Sporohalobacter lortettii (23) and Sporohalobacter marismortui (23); Haloanaerobacter, which includes Haloanaerobacter chitinovorans (14); and Haloincola, which includes Haloincola saccharolytica (40) . With the exception of H. acetoethylicus and H. chitinovorans, 16s or 5s rRNA sequences have been determined for these halophiles. These bacteria were placed in the family Haloanaerobiaceae on the basis of analysis of the sequences (22) (23) (24) 40) .
Most of the fermentative halophilic anaerobes described to date were isolated from the Dead Sea, cyanobacterial mat lagoons, solar salterns, or hypersaline salt lakes. There has been only one report of the isolation of a fermentative halophilic anaerobe from oil field brines (9), although a halophilic anaerobe has been isolated from oil-water injection filters (27) . Methanogenic (2, 9, 20) and sulfate-reducing (3,4) bacteria have been isolated from oil field brines. The fermentative organism described by Gervertz et al. (9) was an obligate anaerobe with an optimal salt requirement of 2.5% NaCl and a low salt tolerance range (2.5 to 10% NaC1). There is no information regarding the occurrence of fermentative haloanaerobes in oil brines with NaCl concentrations above 10%.
A variety of halophilic, fermentative, sulfate-reducing, and methanogenic bacteria were isolated from highly saline oil field brines during a microbially enhanced oil recovery field pilot study (3). In the present study, the characterization of a strictly anaerobic, moderately halophilic, fermentative bacterium from this oil field is described. The phenotypic and phylogenetic characteristics of this organism were significantly different from the characteristics of all previously described halophilic fermentative anaerobes and justify its designation as a new species, Haloanaerobium salsugo, in the genus Haloanaerobium. The type strain is VS-752.
MATERIALS AND METHODS

Strains. H. acetoethylicus ATCC 43120T, H. praevalens
ATCC 33744T, and S. lortetii ATCC 35059T were obtained from American Type Culture Collection, Rockville, Md. Strain VS-752T was isolated from a hypersaline oil brine (3) and deposited in the American Type Culture Collection as ATCC 51327.
Bacterial isolation. Anaerobic heterotrophic halophilic bacteria were isolated from petroleum reservoir production fluids from wells 5-1,7-3, and 7-5 of the Southeast Vassar Vertz Sand Unit, Payne County, Okla., using plate count agar (Difco Laboratories, Detroit, Mich.) with 15% NaCl (3). Colonies were picked and restreaked several times to obtain pure cultures. A total of 36 anaerobic fermentative halophilic strains were isolated. The morphology, the products produced from glucose, the sugars used to support growth, and the G + C content (moles percent) of two of these strains were similar to those of strain VS-752T. Strain VS-752T was chosen for further characterization.
Media and culture methods. The mineral medium contained the following components (grams per liter): NaCl, 120; NH,CI, 1.0; KC1, 0.1; KH,PO,, 0.1; MgSO, 7H, O, 0.2; CaCl, 2H, O, 0.04; ) dipotassium salt, 1.5; yeast extract, 0.25; resazurin, 0.0005; cysteine hydrochloride, 0.5; and Na,S.9H20, 0.5, as well as 5 ml of trace metal solution (32) , 10 ml of vitamin solution (l), and a N, gas phase. The pH was 7.1 to 7.3. A complex medium contained the mineral medium described above supplemented BHUPATHIRAJU ET AL. with the following components (grams per liter): Casamino Acids, 1.0; yeast extract, 1.0; and glucose, 5.0. Solid media were prepared by the addition of 20 g of purified agar per liter (BBL Microbiology Systems, Cockeysville, Md.). The methods for the preparation and use of anaerobic media were those of Balch and Wolfe (1). Cultures were routinely maintained in a complex medium by transfer once every week.
Metabolic and growth characteristics. The NaCl range for growth was determined with complex medium containing 0 to 30% NaCl. The specific requirement for NaCl was examined with basal medium containing 8 g of glucose per liter by substituting other salts at concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 M. KCl, LiCl, MgCl, 6H20, and NH4C1 were used to test for a specific Na+ requirement. The C1-requirement was examined with NaBr, NaNO,, NaSO,, and Na,S20,. Results were compared with those from positive control tubes containing NaCl. The temperature range for growth was determined with complex medium incubated at 5 to 65°C. The pH dependence of growth was tested in complex medium with 100 mM 3-(N-morpholino)-propanesulfonic acid (MOPS) buffer and a N, gas phase. The effect of external electron acceptors on growth was tested with mineral medium with glucose (10 mM) as an electron donor. Compounds tested as electron acceptors included elemental sulfur, sodium sulfate, sodium thiosulfate, sodium sulfite, sodium nitrate, and sodium nitrite at a concentration of 3 g/liter.
The ability of H. salsugo VS-752T, H. praevalens GSLT, and H. acetoethylicus EIGIT to utilize different substrates was tested in mineral medium with the test compound at 10 mM. Complex substrates were added at a concentration of 5 g/liter. The use of a compound or combination of compounds was scored positive after growth occurred in at least three serial transfers. The ability to utilize amino acid mixtures was also tested. The amino acid combinations tested included alanineglycine, leucine-proline, isoleucine-tryptophan, valine-ornithine, phenylalanine-leucine, and histidine-sarcosine.
Glucose fermentation products were determined with mineral medium containing 10 g of glucose per liter and a N, gas phase. Volatile fatty acids and alcohols in the liquid phase and CO, and H, in the gas phase were analyzed at the beginning of the experiment and after 4 days of incubation. A molar growth yield was determined for a 50-ml batch culture containing mineral medium supplemented with 4 g of glucose per liter.
Unless otherwise mentioned, all experiments were performed in duplicate or triplicate at 37°C.
Gram staining was performed with both heat-fixed smears and smears fixed with acetic acid as described previously (8). Antibiotic susceptibility tests were performed by adding various filter-sterilized antibiotics to the growth medium. Antibiotics tested included chloramphenicol, tetracycline, penicillin, and cycloheximide, each at 10 p,g/ml. Sodium azide was tested at 50 p,g/ml. Susceptibility to the inhibitors described above was determined by comparing growth in medium containing the inhibitor to growth in controls that lacked the inhibitor. Catalase and oxidase tests were also performed (31) .
Analytical techniques. Growth was monitored by measuring the increase in&,, (1). Measurement of pH was done with a pH meter equipped with a triode pH electrode with a Ag-AgC1 internal reference system. Glucose was measured by the glucose oxidase method (Sigma Chemical Co., St. Louis, Mo.).
Volatile fatty acids and alcohols were analyzed by gas chromatography (4). Fatty acid analyses were also performed with a high-performance liquid chromatograph (HPLC) equipped with a Bio-Rad Aminex HPX-87H column (300 by 7.8 mm) and an isocratic mobile phase of 0.016 N H,S04 at a flow rate of 0.9 ml/min. Hydrogen was analyzed with an RGA 3 reduction gas analyzer source fitted with a 3-ft by 1/8-in. (91.44-by 0.32-cm) column packed with 60/80 mesh Spherocarb operated at a temperature of 90°C. Nitrogen was the carrier gas at 20 ml/min. Carbon dioxide was measured with a gas chromatograph equipped with a thermal conductivity detector and a Porapack Q column (Supleco, Inc., Bellefonte, Pa.) (10). All gas analyses were performed with gas-tight syringes.
Microscopy. Cellular morphology was determined by phasecontrast microscopy. Transmission electron microscopy was performed with a JEOL JEM 2000 FX transmission electron microscope. Micrographs were prepared from log-phase cells grown on a complex medium. The cells were spread onto carbon-coated Formvar grids, fixed with 1% glutaraldehyde in 9% NaC1, and stained with 1% phosphotungstic acid (pH 7.0).
Cellular fatty acid analysis. The cellular fatty acid composition of H. salsugo VS-752*, H. praevalens GSLT, and H. acetoethylicus EIGIT was determined with cells grown in the complex medium containing 10% NaC1. Cellular fatty acid analysis was performed by Microcheck, Inc., Northfield, Vt. Whole-cell fatty acids were analyzed as fatty acid methyl esters with a MIDI microbial identification system (MIDI, Inc., Newark, Del.). Fatty acid methyl esters were synthesized and analyzed as described previously (18, 19, 28) .
Determination of DNA base composition. DNA was isolated and purified as described previously (16). The G + C content was determined by the HPLC method of Mesbah et al. (17) (7, 26, 33, 37) . Sequences were analyzed by distance matrix analysis with a program for fitting trees to distance data (6, 12, 25) .
Nucleotide sequence accession number. The 16s rRNAs of H. salsugo VS-752T, H. praevalens GSLT, and S. lortetii MD-2T determined in this study were deposited in GenBank under the accession numbers L22890, M59123, and M59122, respectively.
RESULTS AND DISCUSSION
Cellular and colonial morphology. Strain VS-752T was a gram-negative, non-spore-forming, rod-shaped bacterium (Fig.  1 ). The cells were nonmotile, characteristically appearing singly, in pairs, or occasionally as long chains, and measured 0.3 to 0.4 by 2.6 to 4 pm. Colonies on complex medium were circular, entire, opaque, white, and 1 to 2 mm in diameter.
Metabolic and growth characteristics. Strain VS-752T required anaerobic conditions for growth. The organism was an obligate halophile that grew in medium containing 6 to 24% NaCl ( Fig. 2A) . At NaCl concentrations below 6%, the cells lysed. Optimum growth occurred in medium containing 9% NaCl. Strain VS-752T had a specific requirement for NaCl. K+, Mg2+, Li+, and NH4+ salts did not support growth. The chloride ion could not be replaced by Br-, NO,-, SO,2-, or S,0,2-. The temperature range for growth was 22 to 51°C (Fig. 2B) . The optimum growth temperature was 40°C. The pH range was 5.6 to 8.0 (Fig. 2C) . The pH optimum was 6.1 to 6.5. The doubling time in complex medium (10% NaCI, pH 7.0, 37°C) was 9 h.
None of the electron acceptors tested stimulated the growth of strain VS-752T in glucose mineral medium. Elemental sulfur, sulfate, thiosulfate, sulfite, and nitrite inhibited the growth of the organism. Nitrate did not affect the growth of the organism. The change of the gas phase composition from N2/C0, (80:20) to H,/CO, (80:20) did not affect growth. The presence of 225% carbon monoxide in the gas phase inhibited growth in the mineral medium with or without glucose.
Substrates supporting growth of strain VS-752T are listed in Table 1 . The substrates used by strain VS-752T were predominantly carbohydrates. Those that gave the best growth (&&(), >0.4) were maltotriose, D-mannose, fructose, maltose, raffinose, sucrose, galactose, glucose, and lactose. Good growth L-ascorbate, adonitol, betaine, butyrate, chitin, crotonate, Casamino Acids, dextran, dextrin, dulcitol, ethylene glycol, formate, fucose, fumarate, glycerol, glutamate, glycine, glycogen, D-gluconate, inositol, inulin, L-lysine, lactate, malate, methanol, mannitol, methionine, pectin, proline, propionate, peptone, starch, succinate, sarcosine, sorbitol, salicin, trypticase, whey, and xylan. Amino acid mixtures such as alanineglycine, leucine-proline, isoleucine-tryptophan, valine-ornithine, phenylalanine-leucine, and histidine-sarcosine did not support growth.
Strain VS-752T fermented glucose, with the production of acetate, ethanol, CO,, and H, (Table 2) . Lactate, malate, succinate, butyrate, propionate, valerate, isovalerate, and caproate were not detected in the culture fluids. The molar growth yield was 24.5 ? 0.3 g (dry weight)/mol of glucose.
The growth of strain VS-752T was inhibited by chloramphenicol, tetracycline, and penicillin. Cycloheximide and azide did not inhibit growth. The cells were catalase and oxidase negative.
Cellular fatty acid composition. The cell membrane fatty acid composition of strain VS-752T is shown in DMA or C14:o 3-OH FAME c 1 6 : 1 cis-7 FAME C16:l ~is-9 FAME C16:l Cis-11 FAME c16:0 FAME ante-3-OH FAME or C,,:, C~S-7 DMA c 1 6 : j ~k -9 DMA
C16:O D M
C17:O FAME c 1 7 0 cyc FAME C17:I cw-9 FAME C17:1 cis-11 FAME c17:0 cyc DMA C18:1 cis-9 FAME C16:o 3-OH FAME C18:1 cll/t9/t6 FAME or un 17.834 C,,:, cis-13 FAME C18:O FAME Phylogeny. A matrix of sequence similarity values for H. salsugo VS-752T, related halophiles, and several representative members of the clostridia is shown in Table 4 . The phylogenetic tree derived from these data is shown in Fig. 3 . The 16s rRNA sequence analysis showed that H, salsugo VS-752T was specifically related to H. praevalens GSLT and that the sporeforming halophile S. lortetii MD-2T was a member of the same line of descent as the Haloanaerobium species. Oligonucleotide catalo ing of 16s rRNA indicated previously that H. halobius MD-1 was related to H. praevalens GSLT and that these species could be placed together into a new family, the Haloanaerobiaceae (22). 16s rRNA oligonucleotide (hexamer and larger) analysis confirmed that H. salsugo VS-752T was specifically related to H. praevalens GSLT, with 30 oligonucleotides common to both species and exclusive of H. halobius MD-lT and with no oligonucleotides common to H. sahugo VS-752T and H. halobius MD-lT exclusive of H. praevalens GSLT (data not shown). There were 24 16s rRNA oligonucleotides common to all three species, confirming their phylogenetic relationship.
H. salsugo VS-75ZT belongs to the class of bacteria defined ' Percentages of dissimilarity were determined from the number of changes per 100 nucleotides.
C. vinosum and D. desul'ricans are members of the gamma and delta subclasses, respectively, of the Proteobucteria. Table 4 and the algorithm of De Soete (6). The total horizontal distance between two species indicates the level of difference between their sequence. Bar, 5% difference (0.05 evolutionary distance unit).
order-level line of descent within the clostridia. This lineage is supported phenotypically by the fact that S. lortetii MD-2T and H. halobius MD-lT form spores. Other major lines of descent within the clostridia include the rRNA homology groups I and 11, represented by C. butyricum, C. pasteurianum, and C. lituseburense (1 1); thermophilic bacteria, represented by C. thermoaceticum and C. thermosaccharolyticurn (26) ; and members of the family HeZiobacteriaceae (15), represented by H. chlorum (Fig. 3) . The outgroup used in Fig. 3 included C. vinosurn and D. desulfiricans, species in the gamma and delta subclasses, respectively, of the Proteobacteria (7).
Characteristics that differentiate strain VS-752T from the described fermentative halophilic anaerobic bacteria. The differences between H. salsugu VS-752T and other described fermentative halophilic anaerobes are summarized in Table 5 . Strain VS-752T can be easily differentiated from members of the genera Sporohalobacter, Haloanaerobacter, and Haloincola by phylogenetic and phenotypic characteristics. Phenotypically, strain VS-752T differs from the Sporohalobacter spp. in cell size, salt tolerance, lack of motility, pattern of glucose fermentation, cell membrane fatty acid composition, DNA base composition, and the lack of spores or gas vacuoles. Strain VS-752T can be differentiated from H. chitinovorans W5C8T by its metabolic characteristics, lack of motility, cell size, and inability to use chitin as a growth substrate. Strain VS-752T can be differentiated from H. saccharolytica Z-7787T because H. saccharolytica Z-7787T is motile, does not produce ethanol from glucose, has a broader salt tolerance range, has a distinctly different cellular fatty acid composition, and does not utilize sorbose, rhamnose, raffinose, and yeast extract as growth substrates. The glucose fermentation pattern, pH range, salt tolerance, and cellular fatty acid profiles of strain VS-752T are also different from those of the anaerobic halophiles described by Shiba et al. (30) 
and Shiba (29).
Strain VS-752T was similar in its pattern of glucose fermentation to the members of the genus Halobacteroides, producing (Table l) , cell membrane fatty acid composition (Table 3) , and lack of motility. Strain VS-752T also differed from H. acetoethylicus EIGIT in its magnesium tolerance. Magnesium concentrations higher than 200 mM inhibited the growth of H. acetoethylicus EIGIT (27) . Magnesium chloride concentrations up to 1.0 M in the presence of 2.0 M NaCl in growth medium did not inhibit the growth of strain VS-752T (data not shown). There have been no comparative taxonomic studies between H. acetoethylicus EIGIT and other members of the genus Halobacteroides or with other members of the family Haloanaerobiaceae. The phylogenetic status of H. acetoethylicus EIGTT in the family Haloanaerobiaceae has not been determined. Analysis of the 16s rRNA oligonucleotide catalogs indicated that strain VS-752' was closely related to H. praevalens GSLT. However, the phenotypic characteristics of strain VS-752T are considerably different from those of H. praevalens GSLT. Morphologically, cells of strain VS-752T are thinner than cells of H. praevalens GSLT. Metabolically, strain VS-752T differs from H. praevalens GSLT in its ability to use arabinose, galactose, lactose, melizitose, melibiose, pyruvate, rhamnose, raffinose, sucrose, L-sorbose, trehalose, and D-xylose as growth substrates and in its inability to use pectin as a growth substrate (Table 1) . Strain VS-752= also differs from H. praevalens GSLT in the roducts produced from glucose fermentation. Strain VS-752 makes acetate, ethanol, CO,, and H,, while H. praevalens GSLT makes acetate, butyrate, H,, and CO, from glucose. The G+C content (moles percent) of strain VS-752T F is significantly different from that of H. praevalens GSLT. The G+C content of strain VS-752T is 34 mol%, while that of H. praevalens GSLT is 27 mol%. The cell membrane fatty acid composition of strain VS-752T also differs from that of H. praevalens GSLT (TTable 3). A characteristic common to both H. praevalens GSL and strain VS-752T is their lack of motility. H. praevalens GSLT and strain VS-752T are the only nonmotile halophiles in the family Haloanaerobiaceae.
The significant phenotypic and genotypic differences between strain VS-752T and the described members of the genera Sporohalobacter, Haloanaerobacter, Haloincola, and Halobacteroides prevent the inclusion of strain VS-752* in any of these genera. The closer phylogenetic relationship of strain VS-752T to H. praevalens GSLT than to S. lortetii MD-2T or H. halobius MD-lT strongly suggests that strain VS-752T is a member of the genus Haloanaerobium. Since there are considerable phylogenetic and phenoty ic differences between strain VS-752T and H. praevalens GSL , and since there is a significant difference in the G + C content (moles percent) between the two organisms, we propose that strain VS-752 be established as the type strain of a new species, H. salsugo, in the genus Haloanaerobium.
Description of Hdoanaerobiurn salsugo sp. nov. H. salsugo, (sal-su'go. L. fem. n. salsugo, water impregnated with salt; brine, referring to isolation of this organism from oil field brine). H. salsugo has straight, rod-shaped cells that are 0.3 to 0.4 by 2.6 to 4 p,m. Cells characteristically appear singly, in pairs, or occasionally as long chains and are nonmotile. The bacterium stains gram-negative and is non-spore forming. Colonies on complex medium are circular, entire, opaque, white, and 1 to 2 mm in diameter. Growth in liquid medium is uniform, with pellicle formation after 72 h. Growth is inhibited by chloramphenicol, tetracycline, and penicillin but not by cycloheximide or azide.
The bacterium is obligately halophilic. The optimal NaCl concentration for growth is 9%; growth occurs at NaCl concentrations of between 6 and 24%. NaCl is specifically required, with no growth observed at NaCl concentrations less 36, 21,23, 14,40, 24,38, 39, and 27 , respectively. The cellular fatty acid composition data for S. lortetii MD-2T and S. marismortui DY-lT are from reference 29, and the cellular fatty acid composition data for H. praevalens GSLT and H. acetoethylicus EIGIT are from the present study. Abbreviations: A, acetate; B, butyrate; iB, iso-butyrate; E, ethanol; F, formate; P, propionate; NR, not reported. +, positive for characteristic; -, negative for characteristic. than 6% or in medium with potassium, lithium, magnesium, or ammonium salts or sodium bromide, sodium nitrate, sodium sulfate, or sodium thiosulfate. The temperature range is 22 to 51"C, with the fastest growth occurring at 40°C. The pH range is 5.6 to 8.0, with the optimum for growth at pH 6.1.
The bacterium is strictly anaerobic, is catalase and oxidase negative, and has a fermentative metabolism. The end products of glucose fermentation are acetate, ethanol, CO,, and H,. The molar growth yield was 24.5 -t 0.3 g (dry weight) of cells per mol of glucose.
The following compounds supported growth in mineral salts medium: L-arabinose, N-acetylglucosamine, fructose, galactose, glucosamine, D-glucose, lactose, maltotriose, melizitose, D-mannose, maltose, melibiose, pyruvate, D-ribose, rhamnose, raffinose, sucrose, L-sorbose, trehalose, D-xylose, and yeast extract.
The following compounds did not support growth in mineral salts medium: L-alanine, L-ascorbate, adonitol, betaine, butyrate, chitin, crotonate, Casamino Acids, dextran, dextrin, dulcitol, ethylene glycol, formate, fucose, fumarate, glycerol, glutamate, glycine, glycogen, D-gluconate, inositol, inulin, Llysine, lactate, malate, methanol, mannitol, methionine, pectin, proline, propionate, peptone, starch, succinate, sarcosine, sorbitol, salicin, trypticase, whey, and xylan. Amino acid mixtures such as alanine-glycine, leucine-proline, isoleucine-tryptophan, valine-ornithine, phenylalanine-leucine, and histidine-sarcosine were not utilized.
The major (>7%) cellular fatty acids are C14:o, C16:o, C16:1, and C17:o cyc acids. The minor (0.5 to 7%) fatty acids are C1o:o, C12:o, and C15:o acids.
The G+C content of the DNA is 34 mol% (as determined by HPLC).
The habitat is hypersaline petroleum reservoir production fluid from Payne County, Okla.
The type strain is VS-752, which has been deposited in the American Type Culture Collection as ATCC 51327.
